specific genes are regulated are not entirely understood, although DNA methylation is likely to be 23 involved. DNA methylation patterns are not static during plant development, but it is still unclear 24 whether different organs possess distinct methylation profiles. Methylation-sensitive GBS was used 25 to generate DNA methylation profiles for roots, leaf-blades and leaf-sheaths from five barley 26 varieties, using seedlings at the three-leaf stage. Differentially Methylated Markers (DMMs) were 27 characterised by pairwise comparisons of roots, leaf-blades and leaf-sheaths of three different ages.
28
While very many DMMs were found between roots and leaf parts, only a few existed between leaf-29 blades and leaf-sheaths, with differences decreasing with leaf rank. Organ-specific DMMs appeared 30 to target mainly repeat regions, implying that organ differentiation partially relies on the spreading 31 of DNA methylation from repeats to promoters of adjacent genes. Furthermore, the biological 32 functions of differentially methylated genes in the different organs correlated with functional plant development [11, 12] .
Additionally, tissue-specific methylation was proposed to have a strong correlation with the differential expression of some tissue-specific genes. Examples include tissue-specific pigmentation samples. 
96

99
1a). A 3D plot using the first three discriminant factors (DF1, DF2 and DF3) revealed that blades and 100 sheaths were further grouped according to the rank of the leaf from which they were harvested. The
101
distance between blades and sheaths seems to shrink with leaf rank (Fig. 1b) . This leaf rank-
102
dependent grouping was also supported by hierarchical cluster analysis (HCA) of the distances 103 between sample group centres ( Fig. 1c) , based on the Mahalanobis distance [27, 28] , and sample
104
clusters matched the leaf developmental age (Fig. 1c) ). Leaf rank-dependent DNA methylation 105 differences were further assessed between tissues by comparing the methylation profiles of blades
106
and sheaths for each rank of leaf appearance. No DMMs were observed between the three leaf blades,
107
whereas sheaths 1 and 3 presented 18 DMMs (Table 2) . 
131
methylation changed consistently in the same direction in each comparison (Fig. 3a) . The number of
132
DMMs between roots and leaf blades increased with leaf-rank, whereas DMMs between roots and 133 leaf sheaths did not show any relationship with rank ( Fig. 2a) . Tissue-specific DMMs were 134 predominantly hypomethylated (95-98%) in leaf parts (sheath or blade) compared to roots (Fig. 2a) .
135
This result was in line with the median of the fold-changes of DMMs, which indicated an overall
136
DNA hypomethylation in leaves (Fig. 4a,b) . From here on, DMMs consistently present in roots vs.
137
sheaths and roots vs. blades will be designated as stable markers between roots and leaves. There was only a small number of DMMs between leaf blades and sheaths (0 to 73 DMMs, Table   154 2; Fig. 2d ). These DMMs were basically between leaf blades and sheaths 1 and 2; and there was none
155
between blade 1 and sheath 3. There was only 1 DMM between sheath 3 and blades 2 and 3 ( (Table S1 ). 
209
Distribution of tissue-specific DMMs near repeat regions
210
Many more tissue-specific DMMs were detected near repeats than near genes. The DMMs 
228
Distribution of genes around differentially methylated (DM) repeats
229
To investigate a possible interaction between differentially methylated (DM) repeats and genes,
230
the distance of genes from DM repeats between root and leaf samples was evaluated. In this way, we 231 found 105 genes near repeats (up to 5 Kb either side), of which 37 overlapped with a repeat and the 232 remaining genes were scattered up-and downstream from the repeat (Fig. 7) . The number of DM
233
repeats surrounded by genes thus represented only a tiny proportion of the total repeats that were 234 differentially methylated between roots and leaves (105 out of 3266 DM repeats, 3.21%). Genes
235
around DM repeats are listed in Table S2 . About half of these genes near DM repeats (52 of 105 genes)
236
were also differentially methylated, whereas the remainder (53 genes) were not. 
242
Gene ontology of differentially methylated genes
243
The 107 genes differentially methylated between root and leaf samples were described by 213
244
GO terms within the three main categories; "biological process", "cellular component" and
245
"molecular function", of which 121 GO terms were shared by both leaf parts, 88 were specific to 246 blades and 4 to sheaths (Table 3) . Thus, it appeared that although most functions were shared by both 247 parts, leaf-blades carried a greater diversity of specific functions than did the leaf blades.
248
The GO analysis provided a picture of the role of DM genes in barley physiology and 249 metabolism. Genes that were differentially hypermethylated in leaves compared to roots related to
250
GO terms predominantly represented by "organonitrogen compound metabolism" and "generation 251 of precursor metabolites and energy" (Fig. 8a , Table S3 
262
Some of the GO terms from differentially hypomethylated genes in leaves, were related to 263 molecular functions represented by; "tetrapyrrole binding", "monovalent inorganic cation 264 transmembrane transporter activity", "transition metal ion binding", "hydrolase activity" and
265
"quinone activity" (Fig. S2a , Table S2 ). While no GO term belonging to molecular function was
266
enriched by DM genes specific to sheaths, blade-specific DM genes enriched GO terms around
267
"monovalent inorganic cation transmembrane transporter activity", "ATPase activity coupled", and
268
"adenyl-ribonucleotide binding" (Fig. S2b , Table S3 ). 
269
296
The top GO term representatives in the "biological process" category were; "organophosphate 297 biosynthesis", "peptide metabolism", electron transport chain", "monovalent inorganic cation 298 transport", "generation of metabolites and energy" and "photosynthesis" (Fig. 9a) . In the GO 299 category "cellular component", the GO term "plastid" predominated, along with "thylakoid" and 300 "thylakoid membrane" (Fig. 9b) . GO terms enriched in the category "molecular function" belonged 301 to the following five sub-categories, in order of importance; "tetrapyrrole binding", "cation 302 transmembrane transporter activity", "transition metal ion binding", "hydrolase activity" and 
316
In this study, we detected large numbers of DDMs between roots and leaves that were conserved 317 across diverse array of barley genotypes, and so were deemed far more likely to be organ-specific 318 than genotype-dependent. Of these, hypomethylation of the m CCGG motif predominated in leaves
319
( Fig. 2b,c, Fig. 3b and Fig. 4a ). More surprisingly, we also detected similarly conserved DMMs 320 between leaf-blades and leaf-sheaths ( Fig. 2e and Fig. 4b ). The number of conserved DMMs between 
334
in cotton [29] . These divergences may simply reflect genuine biological differences between 335 taxonomic groups. However, it is also important to recognise that such differences may also arise 336 from the approach used to identify organ-specific DMMs. 
345
The current study revealed that tissue-specific DNA methylation occurred abundantly in the 346 m CHG context (at least m CCGGs) (Fig. 2a-c ). This concurs with reports of the CHG context similarly 
357
DNA methylation flux is tissue specific during barley seedlings development
358
In addition to tissue-specificity of methylation profiles, one notable finding in the current 359 study was that leaf cohorts exhibited a strong tendency to co-cluster. This suggests that the 360 nature of methylation divergence between organs is not absolutely fixed and instead appears 361 to change with developmental progression. This observation accords with previous reports 362 that genome-wide methylation patterns are not static during plant development [31] . 363
Additionally, a considerable portion of DMMs between roots and leaves was also specific to 364 the leaf rank, due to the steady decrease in the number of DMMs between roots and leaf 365 blades with the rank of the latter (Fig. 2a-c) . In this case, therefore, the slow but progressive 366 accumulation of additional methylation marks in the leaves increases their divergence from 367 root profiles and enables the separation of leaf cohorts. However, the small number of DMMs 368 distinguishing between leaf blades and leaf sheaths ran counter to this trend such that there 369
were no DMMs capable of discrimination between these leaf parts among the oldest cohort 370 studied (leaf 1) (Fig. 2d, Table 2 ). It seems intuitively improbable that older cohorts of leaves 371 would simply lose differentiation between structurally distinct parts, especially if these marks 372 had a functional role in defining function. Perhaps the most plausible biological explanation 373 for the apparent erosion of divergence lies in the different chronological ages of the leaf 374 cohorts that were sampled. Put simply, the third leaves were the least mature of the three 375 cohorts collected and so it is entirely possible that the blade-sheath differential marks had yet 376 to appear in these samples. Thus, it is important to consider the developmental and ageing 377 progression chronology when assigning DMMs and that some organ-or structure-specific 378 marks may only become organ-specific late in their development. Such late-emerging 379 developmental DMMs should mean that the cumulative number of tissue-specific markers 380 increases and so the organs or structures become more distinct, through leaf growth stages 381
[32], each of which may carry a specific epigenetic profile. Certainly, others have noted that 382 methylation profiles vary progressively as the organ develops [3,33,34] before reaching, at 383 maturity, a "default" methylome, which may be conserved across varieties [24] . These results 384 suggest that, once leaves are differentiated and mature, they do not show significant 385 differences in DNA methylation profiles, regardless of their rank of appearance. 386
Additionally, the location of half of the 20 common DMMs between blades and sheaths on 387 chromosome 5H implies that this chromosome carries loci important for blade and sheath 388 identities. 389
Tissue-specific DNA methylation preferably occurs in repeat regions of the barley genome
390
One noteworthy feature of the organ-specific DMMs identified here is that far more were 391 associated with repeat regions than in or around genes. Nevertheless, the fact that 27 DMMs 392 overlapped with exons and 10 were located in introns (Table S1) 
461
DNA isolation
462
Prior to DNA extraction, frozen plant material was homogenized in a bead beater (2010-
463
Geno/Grinder, SPEX SamplePrep®, USA). DNA isolation was performed from pulverised plant 464 samples using a Qiagen DNeasy kit and following the manufacturer's instructions. DNA samples 465 were quantified using a NanoDrop® 1000 Spectrophotometer (V 3.8.1, ThermoFisher Scientific Inc.;
466
Australia) and concentrations were standardized to 10 ng µl -1 for subsequent library preparation.
467
Methylation Sensitive genotyping by sequencing (ms-GBS)
468
The ms-GBS was performed using a modified version [30, 57] of the original GBS technique [58] .
469
Genomic DNA was digested using the combination of a methylation-insensitive rare cutter, EcoRI 
473
BioRad 100 thermocycler at 37℃ for 2 hours, followed by enzyme inactivation at 65℃ for 10 min. 
477
BioLabs, Australia) in a total volume of 40 µl. Ligation was carried out at 24℃ for 2 hours followed 478 by an enzyme inactivation step at 65℃ for 10 min.
479
DNA samples were allocated to plates, 81 samples each, including the negative control, water.
480
Prior to pooling plate samples into a single 81-plex library, the ligation products were individually 481 cleaned up to remove excess adapters using an Agencourt AMPure XP purification system (Beckman 
510
inverse proxy for change in the methylation level. That is, higher methylation levels on a specific 511 locus will reduce the number of MspI restriction products and therefore reduce the number of 512 sequences generated for that locus [62] . 
